This study was conducted to better understand the life history of Parthenolecanium corni (Bouché ) and Parthenolecanium quercifex (Fitch) (Hemiptera: Coccidae), and to develop degree-day models for crawler emergence of the two soft scale species in Georgia, North Carolina, South Carolina, and Virginia. Both species were univoltine in the southeastern United States. In South Carolina, eggs hatched from mid-April to early June; second instars began to appear in September and migrated to twigs to overwinter in October; and third instars and adults appeared in mid-March to early April. Each parthenogenetic female produced on average 1,026 6 52 eggs. Fecundity was positively correlated to the fresh weight, length, width, and height of gravid females. Gross reproductive rate (GRR) was 695.98 6 79.34 $/$, net reproductive rate (R) was 126.36 6 19.03 $/$, mean generation time (TG) was 52.61 6 0.05 wk, intrinsic rate of increase (r m ) was 0.04 $/$/wk, and finite rate of increase (k) was 1.04 times per week. Crawlers first occurred across Georgia, North Carolina, South Carolina, and Virginia in 2011-2013 when 524-596 Celsius-degree-days (DDC) had been accumulated with the single sine estimation method, or 411-479 DDC with the simple average method, at the base temperature of 12.8 C and the start date of 1 January. These regional models accurately predicted the date of crawler emergence within 1 wk of the actual emergence in 2014.
insects in the subfamily Coccinae is the only life stage without the protection of a waxy cover or deposit Braman 2004, Robayo Camacho and Chong 2015) . Consequently, it is the life stage most vulnerable to contact insecticide applications. However, tools that predict the timing of crawler emergence have limited availability and are underutilized by pest and plant management professionals (Raupp 1985) . Poor understanding of the biology and life cycle of P. corni and P. quercifex hinders the development of a well-timed and effective management program.
Insect life history events can be predicted by phenological models based on degree-day (DD) accumulations (Mussey and Potter 1997, Roltsch et al. 1999) . Phenological models are the keys for timing management activities against insect pests (Herms 2004) . Degreeday models have been developed for several insect pests of woody ornamental plants, including scale insects (Mussey and Potter 1997 , Herms 2004 , Hodges and Braman 2004 . Hodges and Braman (2004) developed a degree-day model to predict crawler emergence of P. corni in Athens, GA, based on degree-day accumulation using an experimentally derived temperature of 12.78 C (55 F) and single-sine method. They found means of 1203, 1198, 1263, and 1209 Celsius-degree-days (DDC) for first crawler emergence in 1997, 1998, 1999, and 2000, respectively. Degree-day models for crawler emergence of Parthenolecanium spp. are not available for other southeastern states, and it is not known if a regional model can accurately predict the crawler emergence in the entire southeastern United States. Knowledge of basic pest biology is needed to better understand the complex interactions between plants and their herbivorous insect associates, which consequently allows for wise decision-making concerning pest management. The goal of our research is to provide pest managers with phenological and biological information to inform management decisions against Parthenolecanium spp. in the urban landscapes of the southeastern United States. This study had the following objectives: 1) to document the phenology, fecundity, and survivorship of Parthenolecanium spp.; 2) to determine the correlation between fecundity and adult female body size; 3) to estimate life table parameters (gross reproductive rate, net reproductive rate, mean generation time, intrinsic rate of increase, and finite rate of increase); and 4) to develop state and regional degree-day models that accurately predict crawler emergence of Parthenolecanium spp.
Materials and Methods
Life History of Parthenolecanium spp.
We sampled for the abundance and life stage of the Parthenolecanium spp. populations on six willow oak (Quercus phellos L.) trees at the Pee Dee Research and Education Center in Florence, SC. The trees were planted in narrow islands of turfgrass surrounded by a paved parking lot. The trees were about 7-9 m tall, 0.1-0.3 m in diameter at breast height, and 5-6 m in canopy width. The trees were infested with a mixed population of P. corni (20%) and P. quercifex (80%). It is difficult to distinguish between adult females of P. corni and P. quercifex. Identification of the two species can only be achieved by examining crawlers under compound microscopes at high magnification (Hodges and Williams 2003) . Parthenolecanium corni and P. quercifex are often regarded by landscape and extension service professionals generally as the "lecanium scales" because of their similarities in morphology and biology (Baker 1994 , Townsend 2005 . Therefore, the two species were treated in this study as a group, Parthenolecanium spp. The scale insect population was not treated with insecticides during the study.
One twig (10-15 cm) was collected from each of the four cardinal directions of each tree, weekly in March to November and biweekly in December to February 2009-2013. Scale insects feeding on five leaves (selected randomly from each twig) and the twig were counted under microscopes. The average density (number of individuals per leaf or per cm of twig) of each developmental stadium was plotted against time to identify seasonal changes in density.
Fecundity of females was determined by collecting and dissecting 18 haphazardly collected gravid females (three females per tree) near the end of reproductive period in early to mid-May 2013. Each female (with its full complement of eggs) was weighed before the eggs were counted under microscopes. Measurements of the physical characteristics of the female tests (height-the greatest distance from the venter to the dorsum, perpendicular to the venter; length-the greatest distance from the distal margin of the anterior end of head to the distal margin of the posterior end of the abdomen, parallel to the mid dorsal line; and width-the widest distance between the two sides, perpendicular to the mid-dorsal line) were taken with the software ProgRes CapturePro v2.8.8 (I-Solution, Image and Microscope Technology Inc., Vancouver, BC, Canada). The relations between the fecundity and the physical characteristics of the test, and the combined weight of the females and egg mass, were determined through Pearson correlation and linear regression (PROG CORR and PROG REG; SAS Institute Inc 2011). Parasitized scales were excluded from the assessment.
A life table of Parthenolecanium spp. was developed based on 1) the number of surviving individuals at each sampling date in the life history study, and 2) the age-related fecundity (of adult females) from the fecundity study. The survival rate (l x ) is the probability that a first instar to survive until a specific sampling week (x); the age-related fecundity (m x ) is the average of eggs produced by each adult female at week x (Birch 1948) . The survival rate was estimated based on the average total numbers of live individuals at each life stage in each week between April 2012 and June 2013 (one generation), expressed as a fraction of an initial population of crawlers (Southwood and Henderson 2000) . After plotting the graph based on the number of eggs produced by a female during the entire ovipositing season, the fecundity per week was calculated by relating the corresponding area under the graph to the total number of eggs produced (i.e., the peak of the graph).
The following life table parameters were estimated for each cohort from each tree: gross reproductive rate, GRR ¼ P m x ; net reproductive rate, R ¼ P (l x m x ); mean generation time,
; intrinsic rate of increase, r m ¼ (lnR)/T G ; and finite rate of increase, k ¼ exp (r m ) (Birch 1948 ).
Degree-Day Predictive Models for Crawler Emergence
Willow oak trees infested with Parthenolecanium spp. in Griffin, GA (two trees); Raleigh, NC (five trees); Florence, SC (six trees); and Virginia Beach, VA (two trees), were monitored weekly from March to June 2011-2013. The dates of first crawler emergence were recorded at each site. Mixed populations of P. corni-P. quercifex were found in all states: Georgia, 50-50%; North Carolina, 60-40%; South Carolina, 20-80%; and Virginia, 30-70%.
Centigrade degree-days accumulation (in DDC) was estimated in each year (2011) (2012) (2013) (OSU 2016) . State-specific degree-day models were developed using unique combinations of each of the three common estimation methods (single-average, single-sine, and single-triangle) and each of the five base temperatures (1. (Mussey and Potter 1997) , or experimentally established at 12.8 C for P. corni (Hodges and Braman 2004) .
The predicted crawler emergence dates and DDC of the 3-yr models were compared against actual dates and the corresponding DD accumulation in 2014 to determine the accuracy of the model. State models for Georgia, South Carolina, and Virginia, and a regional model, were developed sequentially by selecting models with the least differences in predicted and actual crawler emergence dates or DDC. First, all degree-day models developed with the same estimation method for each state were examined (regardless of the base temperatures), and those which produced the least differences in predicted and actual emergence dates and DDC were selected. At the end of this step, the selected models included those developed at each state with each of the estimation method. In the next step, the models with the least differences in predicted and actual DDC (regardless of the estimation method) were selected for each state (these are the state models). The state models were examined, and the state models with repeated estimation method and base temperature were selected for consideration as the regional model. Finally, one model (from among the selected state models) with the least differences in predicted and actual DDC was selected as the regional model. The regional model was presented as a range of the average low DDC and average high DDC across all three years and all three states.
Results and Discussion

Phenology and Life History
In this study we found P. corni and P. quercifex to be univoltine in the southeastern United States. The two species were reportedly univoltine in California (Kawecki 1958 , Madsen and Barnes 1959 , Swiecki and Bernhandt 2006 and Virginia Kosztarab 1972, Day 2008) . However, there could be variations in voltinism of P. corni. Parthenolecanium corni has been reported to have two generations in Chile (Bayer CropScience Chile 2014), Hungary (Kosztarab 1959) , and Russia (Borchsenius 1957 ). Hodges and Braman (2004) reported one generation of P. corni in 1997 and 2000, and two generations in 1998 and 1999 in Georgia with the second-generation crawlers hatching in early autumn. In our study a mixed population of P. corni and P. quercifex had only one generation per year across Georgia, North Carolina, South Carolina, and Virginia.
Eggs hatched between mid-April to early June in South Carolina (Fig. 1 ). After eclosion, the crawlers dispersed to, settled, and fed on nearby leaves. First instars of P. quercifex (Williams and Kosztarab 1972) and P. corni (Kosztarab 1996) have been reported to settle on the underside of leaves. Hubbard and Potter (2005) reported finding crawlers of calico scale, Eulecanium cerasorum (Cockerell) (Hemiptera: Coccidae), settling mostly on the underside of leaves, with some variations among host plant species: 99 to 93% of crawlers settled on the underside of honeylocust (Gleditsia triacanthos L.) and sweetgum (Liquidambar styraciflua L.) leaves, whereas 85% of crawlers settled on the underside of hackberry (Celtis occidentalis L.) and Norway maple (Acer platanoides L.) leaves. We observed and collected first instars on both sides of willow oak leaves, but we did not assess the differences between the two sides in the numbers of settled crawlers. Spraying the underside of leaves with nonresidual contact insecticides is a common recommendation for controlling scale insect infestations (Kabashima and Dreistadt 2014) . Further studies exploring differential preference for crawlers of Parthenolecanium spp. to settle on either side of the leaves of various host plant species may need to be developed to provide insights on the application method and target of contact insecticides.
First instars are oval and elongated, dorso-ventrally flat, pale brown to yellow, 0.3-0.5 mm in length. Some first instars became almost transparent after settling on their feeding site until the next molt. Fig. 1 ). Just before leaf senescence in November, they migrated to the twigs to overwinter. This observation agrees with Marotta and Tranfaglia (1997) Second instars have a general appearance similar to that of the first instars, except for their increased size (0.6-0.9 mm in length). The anal plates and the anal cleft are close to the rear end of the body in the first instar, whereas the anal plates seem to have "migrated" anteriorly to about 4/5 of the body in the second instar, almost double the length of the anal cleft. In the first and second instars, the median apical seta of each anal plate is at least half of the body length (Williams and Hodges 1997) , but this characteristic is absent in the third instar and adults.
As the leaf buds of the host trees started to break in mid-March to early April, the surviving second instars molted into the third instars (Fig. 2) . The third instar lasted about 4 d, after which they eclosed into adults. The short duration of the third instar and its close resemblance to the adult (differentiated by an increase in size, and the appearance of genital aperture and modified integumentary secretory system in adults; Marotta 1997), made the third instar difficult to notice. In this study, we did not observe males in the populations in South Carolina.
Adults increased greatly in size between adult eclosion and initiation of reproduction, and produced copious amounts of honeydew. Adult densities ranged between 1 and 10 individuals per centimeter of twig, and they remained on the twigs until the end of their life (about 4-5 wk). The females began to produce eggs in their brood chambers 5-7 d after adult eclosion. The eggs hatched within 20-25 d. In Virginia, the female of P. quercifex has been reported to begin oviposition in early May and egg hatching in late May (Williams and Kosztarab 1972) . In North Carolina egg production can begin in mid-March and peak in mid-April (Meineke et al. 2013 (Meineke et al. , 2014 . The maturation period of eggs of Parthenolecanium spp. seemed similar to that on S. oleae and Ceroplastes rusci (L.), where hatching occurred within 2-3 wk and 3-4 wk after deposition, respectively (Alford 2012 ).
Fecundity
A large-scale insect population can cause decline and death of its host plants (Washburn and Washburn 1984) . Knowledge on scale insect fecundity and survivorship can help with predicting the population growth rate (through life table analysis) and developing appropriate management plans that could be fine-tuned based on the biology of pest species. Female Parthenolecanium spp. in South Carolina deposited 177 to 2,398 (average ¼ 1,026 6 52) eggs over 3 wk in this study. The fecundity of Parthenolecanium spp. in South Carolina falls within the range of previously reported fecundity of P. corni, which varies from 100 to 5,000 eggs (Fenton 1917 , Kaweki 1958 , Bailey 1964 , Santas 1985 , Babaian 1986 , and P. quercifex (Meineke et al. 2014) .
Fecundity and body size are positively correlated in Ceroplastes destructor (Newstead) and Ceroplastes sinensis Del Guercio (Lo 1995) . We determined that the fecundity of Parthenolecanium spp. correlated significantly to female body size (P < 0.01), supporting similar observation by Marotta (1997) . The Pearson correlation coefficient was the highest (0.91) between the weight of the females (including the eggs) and fecundity, followed by length (0.75), width (0.67), and height (0.39). Linear regression analysis corroborated the results of Pearson correlation analysis (Fig. 3) . Our results suggested that all the body size parameters were sufficient in predicting the fecundity, but the weight was more accurate than the three size parameters. When gravid female weight is not available, researchers and pest managers can still predict scale insect fecundity with length. Birjandi (1981) demonstrated positive correlation between the volume of P. corni and its fecundity [Pearson correlation coefficient ¼ 0.86; fecundity ¼ 236.66 þ 35.23(volume)]. Our results suggest that instead of using volume, measuring weight, or length, using the linear regression equations developed in this study may be an adequate and simpler method in estimating the fecundity of Parthenolecanium spp. for a pest management program or an ecological and biological study. This would save researchers time and effort in measuring all body size parameters or counting all the eggs produced by multiple females. 
Survivorship
Accumulated mortality of the first instars approached 50% of the population in one generation, which was higher than the mortality of other life stages (32.7% of second instars and 1.6% of third instars; Fig. 4 ). The equivalent cumulative survivorship for all stages (Fig. 5 ) could be also calculated as the accumulated mortality rate subtracted from the total population (1 À mortality rate), from eggs to adults. High mortality during the first instar is a common occurrence in soft scales (Santas 1985, Rainato and Pellizzari 2009) , owing to failure in finding an appropriate feeding site (Podoler et al. 1979, Washburn and Washburn 1984) , predation (Birjandi 1981) , and vulnerability to high temperature, low humidity, heavy rain, and wind (Marotta 1997 ).
Life Table Parameters
The gross reproductive rate (GRR) was estimated at 695.98 6 79.34 $/$; net reproductive rate (R o ) at 126.36 6 19.03 $/$; mean generation time (T G ) at 52.61 6 0.05 wk; intrinsic rate of increase (r m ) at 0.04 $/$/wk; and finite rate of increase (k) at 1.04 times per week. R over 1 or r m over 0 would indicate a population that is increasing, whereas R o below 1 or r m below 0 would indicate a population that is decreasing (Bellows et al. 1992) . The R o values of Parthenolecanium spp. in this study indicate an increasing population. Our r m value indicates a population that was increasing at a slow pace. With r m ¼ 0.04 $/$/d and k ¼ 1.04 times per day, a population of Saissetia coffeae (Walker) (Hemiptera: Coccidae) developed rapidly at 18 C (Abd-Rabou et al. 2009) and were greater than those of Parthenolecanium spp. in this study. Our life table parameters for Parthenolecanium spp., besides indicating a population that is thriving in South Carolina, can be used in future studies as reference to understand the population dynamics of either the same species covered herein in other locations and conditions, or for comparison with other soft scale species with similar biology. Life table parameters of the Parthenolecanium spp. may also be used to better understand the impact of natural enemies on the pest population (Bellows et al. 1992) .
We recognize that the life history parameters and population growth models estimated at one site may not predict those same parameters at every location. Beyond differences at large geographic scales, Parthenolecanium phenology, reproduction, and survival can differ between nearby trees. For example, trees that are just 2 C warmer can have many times more Parthenolecanium scales due to greater survival of first instars (Meineke et al. 2013) . The same 2 C of warming also leads greater fecundity because scales develop earlier and avoid parasitism (Meineke et al. 2014) . Because site characteristics affect the phenology, fitness, and abundance of Parthenolecanium and other scales, IPM resources could be focused on the trees that are most vulnerable due to temperature, impervious surface cover, drought, or other stressors (Dale and Frank 2014a, b; Dale et al. 2016 ).
Degree-Day Predictive Models
The calendar dates for first crawler emergence in 2011 to 2014 ranged from 12 April to 7 May in Georgia, 30 April to 11 May in North Carolina, 17 April to 11 May in South Carolina, and 27 April to 18 May in Virginia (Table 1) . Hodges and Braman (2004) reported emergence of P. corni crawlers in 23 May to 15 June in 1997-2000 in Georgia. Their results were more than one month later than the emergence dates obtained from the same state in this study. Interestingly, Schultz (1984) also reported crawler emergence times of P. quercifex that were over a month later than those dates reported in this study. Warming is a likely mechanism for these differences although we cannot draw firm conclusions, as only a small number of similar studies have been conducted intermittently or continuously over the past three decades. The phenology of many ectothermic species has become earlier owing to climate change in recent decades including many pests (Parmesan and Yohe 2003) . The urban heat island effect adds growing degree days and can thus cause insects to develop or become active earlier than in rural areas (Meineke et al. 2014, Schatz and Kucharik 2016) . Future climateinduced changes in pest biology will require vigilance by IPM practitioners to maintain accurate pest forecasting tools. We developed degree-day models for first crawler emergence in Georgia, South Carolina, and Virginia (Table 2 ). The first step was to identify models with the least difference in predicted and actual DDC of first crawler emergence for each estimation method. The base temperatures with the least differences in predicted and actual DDC and dates with each estimation method for crawler emergence in Georgia were 10 C for simple average, 12.8 C for single sine, and 12.8 C for single triangle. The least-different base temperatures and estimation methods for South Carolina were all five base temperatures for simple average, 4.4 C for single sine, and 12.8 C for single triangle. Those for Virginia were 12.8 C for simple average, 12.8 C for single sine, and 12.8 C for single triangle. Among these selected models, ones with the least difference between predicted and actual DDC were selected for each state. The most accurate state model was 12.8 C with single sine in Georgia, 4.4 C with single sine in South Carolina, and 12.8 C with single sine in Virginia. The most frequently repeated base temperature (i.e., 12.8 C) and estimation method (i.e. single sine) from the state models were used to build a regional model. The regional DD model was 524-596 DDC estimated with the single sine method, the start date of 1 January, and base temperature of 12.8 C. The regional model predicted crawler emergence just before or within the week of actual emergence in all three states, which validated the model as good predictor. The proposed regional model does have the shortcoming, i.e., the single sine estimation method is not easy to calculate and not commonly used. An alternative regional model may be selected by considering the estimation method and base temperature most commonly used by pest managers. A standard base temperature of 10 C (50 F) is used when the lower developmental threshold is not known for the species studied (Herms 2004) . In this study, the standard base temperature of 10 C only produced accurate method using the simple average estimation method for predicting crawler emergence in Georgia. Therefore, we discourage using the standard base temperature in our regional model. The simple average is the simplest to calculate and most widely used estimation method. We recommend that the degree-day model of 411-479 DDC, estimated with the simple average method, at start date of 1 January and base temperature of 12.8 C, could be used as an alternative degree-day model for the first crawler emergence of Parthenolecanium spp. in the southeastern United States. This alternative degree-day model also predicted crawler emergence within the same time frame of that obtained with single sine. The DD accumulation ranges were different from that of 1184 to 1296 DDC reported previously in Athens, GA, for P. corni (Hodges and Braman 2004) . The corresponding dates of the DD range for crawler emergence in Athens for 2014 fell within the 22nd wk of the year while the range of DD accumulation in Griffin fell within the 19th wk of the year. Griffin is south of Athens; an earlier crawler emergence is thus expected in Griffin and therefore, the difference in DD accumulation.
The temperature data used to calculate degree-days are the major source of error in DD models (Herms 2004) . If the weather station is far from the actual site or is more or less urban than the site, it may not be able to accurately record the temperature experienced by the scale insect population on the site (Schatz and Kucharik 2016) . There also could be a potential effect of warmer ambient temperatures due to heat accumulation on paved surfaces in urban areas (i.e. heat islands), which benefited increased development of scale insect populations (Meineke et al. 2013) . Additionally, the actual microclimate created in and around the insect body makes it virtually impossible to measure the actual temperature that the pest experiences (Herms 2004) . Nevertheless, the use of weather data from standardized sources over several years tends to cancel the errors when estimating insect development (Herms 2004) . Practical DD models are often developed from temperature data collected from local weather stations (Herms 2004) . Predictive models based on DD accumulation such as simple average method have proven to have a practical value such as being more accurate than calendar-based schedules for timing of most management practices (Herms 2004) . Hence, in a practical sense, our state and regional models should be reliable as a helping tool in predicting crawler hatching of Parthenolecanium spp. throughout the east coast from Georgia to Virginia.
Other variables that could influence the accuracy of degree-day estimation methods include time of the year, geographical location, and biology of the organism under study. Roltsch et al. (1999) found that single-triangle method yielded less error during the winter and early spring months in California than single-sine method. Our results suggest that the single-triangle method with 12.8 C as base temperature worked similarly to single-sine, the state and regional model, in northern sites (such as Virginia). The phenological information and the regional and state models developed in this study are useful in planning timely scouting program for Parthenolecanium spp. from Georgia to Virginia. Ornamental plant producers and managers in the southeastern United States can scout for crawlers of Parthenolecanium spp. in mid-April to mid-June, or more accurately predict crawler emergence with the regional model.
